Olgac U, Poulikakos D, Saur SC, Alkadhi H, Kurtcuoglu V. Patient-specific three-dimensional simulation of LDL accumulation in a human left coronary artery in its healthy and atherosclerotic states. Am J Physiol Heart Circ Physiol 296: H1969 -H1982, 2009. First published March 27, 2009 doi:10.1152/ajpheart.01182.2008.-We calculate low-density lipoprotein (LDL) transport from blood into arterial walls in a three-dimensional, patient-specific model of a human left coronary artery. The in vivo anatomy data are obtained from computed tomography images of a patient with coronary artery disease. Models of the artery anatomy in its healthy and diseased states are derived after segmentation of the vessel lumen, with and without the detected plaque, respectively. Spatial shear stress distribution at the endothelium is determined through the reconstruction of the arterial blood flow field using computational fluid dynamics. The arterial endothelium is represented by a shear stress-dependent, threepore model, taking into account blood plasma and LDL passage through normal junctions, leaky junctions, and the vesicular pathway. Intraluminal pressures of 70 and 120 mmHg are employed as the normal and hypertensive operating pressures, respectively. By applying our model to both the healthy and diseased states, we show that the location of the plaque in the diseased state corresponds to one of the two sites with predicted high-LDL concentration in the healthy state. We further show that, in the diseased state, the site with high-LDL concentration has shifted distal to the plaque, which is in agreement with the clinical observation that plaques generally grow in the downstream direction. We also demonstrate that hypertension leads to increased number of regions with high-LDL concentration, elucidating one of the ways in which hypertension may promote atherosclerosis.
mass transfer coefficient, are generally applied on the lumenside artery surface. The main drawback of wall-free models is that they do not provide any information on the transmural flow and solute dynamics in the arterial wall (55, 56) . Homogeneous wall models account for both the artery lumen and arterial wall transport and treat the arterial wall as a single-layer homogeneous porous medium. Stangeby and Ethier (50) and Sun et al. (53) used homogeneous wall models, employing an overall mass transfer coefficient and the Kedem-Katchalsky equations to account for LDL transport through the endothelium. Recently, our laboratory has proposed a local wall shear stressdependent, three-pore model, based on the homogeneous wall approach, representing normal junctions, leaky junctions, and the vesicular pathway (43) . This three-pore model proved to be able to better represent the dependence of blood plasma and LDL transport through the endothelium on the local blood flow characteristics than the single pathway approaches of Stangeby and Ethier (50) and Sun et al. (53) . Finally, multilayer wall models make a distinction between intima and media in the arterial wall (2, 44, 52, 59) . They represent transmural flow and LDL dynamics better than homogeneous wall models, but are more complex.
In this study, we use a homogeneous wall model to calculate the transport of LDL from the artery lumen into the arterial wall in a three-dimensional (3D) left coronary artery, with and without calcified plaque, at normal and hypertensive blood pressures. To this end, we acquired the anatomy data of a patient with coronary artery disease using computed tomography (CT). An approximation of the patient's artery geometry in its healthy state was obtained through the segmentation of the vessel lumen, including the detected calcified plaque. The calcified plaque was subsequently removed from the segmentation mask to yield the patient's artery geometry in its diseased state. The obtained healthy and diseased models of the artery were meshed to be used in the reconstruction of the arterial blood flow field using computational fluid dynamics (CFD), which is a prerequisite for the calculation of the spatial shear stress distribution at the endothelium. Intraluminal pressures of 70 and 120 mmHg were used in the CFD calculations to mimic normal and hypertensive conditions, respectively. The artery lumen surface meshes of the two models were uniformly extruded in the local surface normal vector direction to obtain arterial walls of constant thickness. The interface between the artery lumen and the arterial wall, i.e., the endothelium, was represented by a three-pore model, taking into account LDL transport through normal junctions, leaky junctions, and the vesicular pathway. In this three-pore model, the local fraction of leaky junctions is calculated based on the local wall shear stress (WSS) field. LDL is either transported ac-tively across the endothelium via vesicles or passively through leaky junctions. However, leaky junctions are the main pathway, accounting for over 90% of the overall LDL transport into the artery wall (8) . Using pore theory, the local blood plasma and LDL fluxes into the arterial wall are determined based on the local fraction of leaky junctions, as our laboratory described in detail in Ref. 43 . These locally calculated fluxes are then used as boundary conditions in the CFD calculations to reconstruct the flow and LDL concentration fields in the arterial wall.
We hypothesize that it may be possible to predict potential sites of plaque formation through patient-specific simulations of LDL accumulation. Previous studies on the prediction of atherosclerotic plaque locations rely on WSS, and from there derived hemodynamic parameters as their indicators (9, 16, 23, 32, 61) . In comparison, the model at hand allows for the direct identification of LDL accumulation sites, which are generally accepted as prerequisites for plaque formation. It further allows taking into account the effect of hypertension on LDL accumulation.
3D computational models that deal with LDL transport are scarce. Most of the published models include LDL transport in the artery lumen only and do not treat LDL passage through the endothelium and into the arterial wall (55, 56) . One recent study by Koshiba et al. (29) included LDL transport in both the artery lumen and arterial wall of a curved 3D artery, but it only employed a constant permeability for the endothelium with a single pathway approach. The novelty of our work lies in the modeling of LDL transport in a 3D patient-specific coronary artery, in which the endothelium is represented by a three-pore model that enables the inclusion of the effects of local WSS on various pathways of blood plasma and LDL fluxes.
METHODS

Acquisition and processing of anatomy data.
A 74-yr-old female patient with atypical anginal pain was examined on a dual-source CT system (Somatom Definition, Siemens Medical Solutions, Forchheim, Germany). An initial noncontrast enhanced scan was performed for calcium scoring. Thereafter, the patient was injected with contrast agent in a right antecubital vein. The contrast agent application was controlled by bolus tracking in the ascending aorta. The scanning parameters followed a standard protocol (3): detector collimation 2 ϫ 32 ϫ 0.6 mm, slice collimation 2 ϫ 64 ϫ 0.6 mm by means of a z-flying focal spot, gantry rotation time 330 ms, pitch of 0.2, tube current time product 330 mA/rotation, and tube potential 120 kV. Both nonenhanced and contrast-enhanced CT scans were performed from the level of the tracheal bifurcation to the diaphragm. The nonenhanced CT scan was reconstructed with a B35f kernel at 70% of the RR interval using 3.0 mm non-overlapping slices. The contrastenhanced CT angiography data set was reconstructed during middiastole at 70% of the RR interval using a slice thickness of 0.75 mm (in plane resolution 0.256 mm at 512 ϫ 512 voxels), a reconstruction increment of 0.5 mm, and using the soft tissue convolution kernel B26f. These data were obtained in the course of routine clinical care. The study protocol was approved by the local ethics committee, which waived the written, informed consent requirement.
Following the CT data acquisition, the coronary arteries were automatically segmented with a progressive region growing technique (6) . The resulting binary segmentation mask enclosed the vessel lumen, as well as potential calcified plaques. The segmentation mask was converted into a surface mesh using a marching cube algorithm (57) . This mesh, which surrounds the vessel lumen and calcified plaques, is regarded to represent the lumen of the artery in its healthy state. A calcified plaque was detected in the proximal left anterior descending artery [segment six, according to the model of the American Heart Association (4)]. The plaque was manually segmented by applying a region growing technique: starting from a seed point within the plaque, all connected voxels with intensity values greater than a threshold value were regarded as representing the plaque. This threshold was determined to be 516 Hounsfield units by visual inspection of the segmentation results superimposed on the original data set (Fig. 1) . All voxels belonging to the plaque were then removed from the segmentation mask, and a surface mesh enclosing the artery lumen without plaque was constructed. This mesh is regarded to represent the lumen of the artery in its diseased state. Both meshes, representing the healthy and diseased states, respectively, were converted to nonuniform rational B-spline (NURBS) surfaces. This approach ensures adequate smoothing of the lumen surface, which is essential for the subsequent generation of a high-quality computational grid. Figure 2 shows the NURBS representations of the artery lumen in its healthy and the diseased states.
Reconstruction of the flow field in the artery lumen. Under the assumption of constant blood density with Newtonian rheology, the fluid dynamics in the artery lumen are governed by the incompressible Navier-Stokes and continuity equations:
and
where ٌ and ⌬ denote the gradient and the Laplacian operator, respectively, ul is the velocity vector field in the artery lumen, pl is the blood pressure in the lumen, and and are the density and viscosity of blood, respectively, taken as ϭ 1,050 kg/m 3 and ϭ 0.0035 Pa ⅐ s (40) .
Based on the NURBS representations of the artery lumen, four sets of nonuniform, unstructured computational volume grids were constructed for both the healthy and diseased states. The respective grids consisted of ϳ376,000, 686,000, 976,000, and 1,382,000 tetrahedral and prismatic volumes. A grid independence study, as detailed in the APPENDIX, showed that the grid with 976,000 volumes was sufficient for the reconstruction of the flow field in the artery lumen. Equations 1 and 2 were solved iteratively on this grid with the finite-volume CFD code ANSYS CFX 11.0 (ANSYS, Canonsburg, PA) using an algebraic multigrid scheme (24) and a pressure-velocity coupling adapted from Ref. 38 . A second-order backward Euler scheme was used for the discretization of the transient term, i.e., the first term on the lefthand side of Eq. 1. Time-step independence was satisfied with a time-step size of 1/80 of the patient's cardiac cycle. Period independence was reached at the second pulsatile cycle. As inlet boundary conditions, the pulsatile blood inflow profile into the left main coronary artery (LMA) given in Ref. 5 and shown in Fig. 3 was specified. Constant pressure boundary conditions of 70 and 120 mmHg (39, 43) for the normal and hypertensive cases, respectively, were used at the three inferior ends of the domain, and a no-slip boundary condition was specified at the rigid wall.
Next to these transient flow calculations, we also determined steady-state flow conditions in the artery lumen by solving Eqs. 1 and 2 without the transient term in Eq. 1. As inlet boundary condition, a volumetric inflow rate of 57 ml/min, i.e., the time-averaged blood inflow rate based on the pulsatile inflow profile (5), was specified at the superior end of the artery lumen. The remaining boundary conditions were the same as in the transient calculations.
Determination of blood plasma and LDL fluxes through the endothelium. In the present work, we describe blood plasma and LDL transport through the endothelium by a three-pore model that we previously proposed. Here, we will only describe the key elements of this model and refer the interested reader to its detailed description in Ref. 43 .
The employed three-pore model takes into account transport through normal junctions, leaky junctions, and the vesicular pathway. The normal endothelial junctions are modeled as cylindrical pores on the junction strands at the endothelial clefts, and the leaky junctions are modeled as ring-shaped pores surrounding the leaky cells. Blood plasma flux occurs through both normal and leaky junctions. Filtering through the normal junctions, blood plasma can only carry solutes with a radius smaller than 2 nm (42) . LDL molecules with their radius of 11 nm are not able to pass through normal junctions, but can enter the artery wall through leaky junctions that surround mitotic and dying cells (34, 35) . While LDL is also actively transported across the endothelium via vesicles, leaky junctions are the main pathway, accounting for Ͼ90% of the overall LDL transport into the artery wall (8) .
Atherosclerosis occurs primarily in regions of the arterial tree where recirculation zones or other flow disturbances causing low steady or highly oscillatory WSS are present (11) . Endothelial cells respond to mechanical stimuli, such as shear stress and pressure, through intracellular signaling pathways (10, 11). Endothelial cells Fig. 2 . Superposition of the surfaces of the patient's coronary arteries in their healthy and diseased states. The difference between the two states, i.e., the calcified plaque, is shown in the inset (note rotated coordinate system). LCX, left circumflex artery. Fig. 3 . Profile of blood flow into the left coronary artery during the cardiac cycle. exposed to low steady or highly oscillatory shear stress are roundly shaped and show a high-proliferation rate, leading to the formation of leaky junctions. When exposed to high steady shear stress, endothelial cells are elongated in the flow direction with a lower rate of mitosis and, hence, show a smaller number of leaky junctions compared with ones exposed to low steady or highly oscillatory shear stress (11, 12, 33, 47, 51) . As a result, endothelial shear stress influences LDL transport into the artery wall by promoting or demoting the formation of leaky junctions, i.e., the primary LDL transport pathway.
We calculate the local fraction of leaky junctions, , which is defined as the ratio of the area of leaky cells to the area of all cells (21) , as a function of local WSS. The WSS values are obtained using the CFD model detailed in the previous section. The following correlations derived in Ref. 43 and obtained from Refs. 11, 12, 33, 35, 47, and 51 are used to this end:
#MC ϭ 0.003797e
where SI, #MC, and #LC are the shape index of cells [equal to one for a circular cell and approaches zero for a highly elongated cell (12, 47) ], number of mitotic cells, and number of leaky cells, respectively, R cell and unit area are the radius of a single endothelial cell [15 m (21) ] and a unit area of 0.64 mm 2 (11), respectively, and WSS is in Pa. To determine the blood plasma and LDL fluxes through the endothelium, the transport properties of each pathway have to be established. The transport properties of the leaky junction pathway, i.e., hydraulic conductivity, L p,lj, diffusive permeability, Plj, and solvent-drag reflection coefficient, f,lj, are calculated with the pore theory (13, 14) using the local fraction of leaky junctions obtained with Eqs. [3] [4] [5] [6] . The hydraulic conductivity of the normal junctions is adopted from Ref. 43 as L p,nj ϭ 1.16 ϫ 10 Ϫ9 m/(s ⅐ mmHg), and the diffusive permeability of normal junctions to LDL, Pnj, and the solvent-drag reflection coefficient of the normal junctions, f,nj, are set to zero and one, respectively, since there is no LDL passage through normal junctions.
The fluid dynamics through the endothelium and in the arterial wall are represented by an electrical analogy in which fluid flow is considered to be analogous to current in an electric circuit. The driving pressure is then analogous to the potential difference. Denoting the total flow resistance formed by the endothelial resistance, R end, and wall resistance, Rwall, as RT ϭ Rend ϩ Rwall, the filtration velocity can be expressed as
where p l end and padv are the lumen side pressure at the endothelium and the pressure at the media-adventitia interface, respectively. Rwall ϭ pta/p is the flow resistance in the arterial wall derived from Darcy's law given in the next section, and p, ta, and p are the viscosity of blood plasma, thickness of the arterial wall, and the Darcy permeability of the arterial wall, respectively. R end is the combined flow resistance of the normal and leaky junctions, two parallel flow pathways, with the respective flow resistances of R nj ϭ 1/Lp,nj and Rlj ϭ 1/Lp,lj given as
LDL flux, J s, is given as the product of the total apparent permeability of the endothelium, Papp, and the lumen side concentration of LDL at the endothelium, c l end :
Our laboratory showed in Ref. 43 that the maximum spatial variation of LDL concentration in the artery lumen can be expected to be very small (under 1.0% in that particular geometry). It has been shown by others (2, 55, 59 ) that the concentration polarization, the increase of solute concentration on the endothelial surface, is promoted with increasing intraluminal pressure and, consequently, increasing filtration velocity. For an intraluminal pressure of 70 mmHg, i.e., one of the pressures used in this study, Ai and Vafai (2) and Yang and Vafai (59) calculated the increase in surface concentration of LDL to be under 2 and 3%, respectively. For 120 mmHg, these are 5 and 6%, respectively. Therefore, in the present study, the lumen side concentration of LDL is assumed to be constant and is assigned the bulk fluid LDL concentration, C 0, of 1.0 ϫ 10 Ϫ3 mol/m 3 in accordance with the typical human blood LDL concentration level (17) . As LDL flux occurs, both via the vesicular pathway and through leaky junctions, the total apparent permeability, P app, is the sum of the vesicular permeability, Pv, taken as 1.92 ϫ 10 Ϫ11 m/s (43) , and the apparent permeability of the leaky junction pathway, Papp,lj, which is calculated locally based on the diffusive permeability of the leaky junction pathway, P lj, and the blood plasma flux through the leaky junction pathway, Jv,lj.
Reconstruction of flow and LDL concentration fields in the arterial wall. The arterial wall is regarded as a single-layer porous medium with constant thickness of 0.34 mm, the combined thickness of intima and media of the human left anterior descending coronary artery (LAD) (18) . The arterial wall is further assumed to be stationary and rigid. The transmural velocity vector field in the arterial wall, u w, is calculated with Darcy's law,
where pw is the pressure in the wall, and p ϭ 0.001 Pa ⅐ s is the blood plasma viscosity (40) . The Darcy permeability of the arterial wall is adopted from Ref. 43 as p ϭ 1.2 ϫ 10 Ϫ18 m 2 . The lumen side pressure at the endothelium, p l end , as obtained with the CFD model of the artery lumen, is used in Eq. 7 to calculate the local blood plasma flux at the endothelium, J v, which is then applied as inlet boundary condition for the artery wall domain. A constant-pressure boundary condition of p adv ϭ 17.5 mmHg (43) and padv ϭ 30 mmHg (2, 59 ) are applied at the media-adventitia interface for the intraluminal pressures of 70 and 120 mmHg, respectively. Zero-flux boundary conditions are used at the longitudinal ends of the wall.
LDL transport in the arterial wall is governed by the convectiondiffusion-reaction equation
where c w is the LDL concentration in the wall; and Klag ϭ 0.1486 (52), Dw ϭ 8.0 ϫ 10 Ϫ13 m 2 /s (44), and rw ϭ 3.0 ϫ 10 Ϫ4 s Ϫ1 (43) are the LDL lag coefficient, diffusion coefficient, and degradation rate, respectively. The LDL flux, J s, locally calculated with Eq. 9, is applied at the endothelium, and a constant LDL concentration value of c adv/C0 ϭ 0.005 and cadv/C0 ϭ 0.015 are imposed at the mediaadventitia interface for the intraluminal pressures of 70 and 120 mmHg, respectively (39) . At the longitudinal ends of the wall, isolation boundary conditions are used.
We obtained representations of the arterial walls by uniformly extruding the artery lumen surface grids in direction of the local outer surface normal vectors, thereby generating nonuniform unstructured volume grids consisting of ϳ468,190, 936,380, and 1,404,570 prismatic elements. A grid independence study, as detailed in the APPEN-DIX, showed that the grid with 936,380 elements was sufficient for the reconstruction of the flow and concentration fields in the arterial wall with the finite-element CFD code Comsol Multiphysics, version 3.3 (COMSOL, Stockholm, Sweden), using a conjugate gradients iterative solver (19) , in conjunction with an algebraic multigrid preconditioner.
Model flowchart. A flowchart of the model and its modules is shown in Fig. 4 and described in this subsection. The flowchart consists of four segments that each represent the material presented in one of the previous four subsections: 1) acquisition and processing of anatomy data; 2) reconstruction of the flow field in the artery lumen; 3) determination of blood plasma and LDL fluxes through the endothelium; and 4) reconstruction of flow and LDL concentration fields in the arterial wall. A detailed description of segment three can be found in Ref. 43 .
The starting module in the first segment (Fig. 4A) represents the segmentation of the CT scans. It yields a 3D surface mesh that envelopes the vessel lumen and the calcified plaque, which is regarded as an approximation of the patient's artery lumen geometry before plaque formation. This surface mesh is used as a template for the removal of the plaque from the segmentation mask (Fig. 4B ) to obtain a second surface mesh that represents the patient's artery lumen geometry in its diseased state. These meshes are converted to NURBS surfaces (Fig. 4C) , which are subsequently used in the generation of computational grids (Fig. 4D ) that represent the artery lumen domains (Fig. 4E ) of the healthy and diseased states, respectively. The surface grids are extruded (Fig. 4F ) to obtain constant thickness arterial walls (Fig. 4G) . The Navier-Stokes and continuity equations (Fig. 4H) with proper boundary conditions and material properties (Fig. 4I ) are solved to obtain the blood flow velocity and pressure fields (Fig. 4J) in the lumen. WSS (Fig. 4K) is calculated from the velocity field and used in the correlations between WSS and fraction of leaky junctions given in the third segment (Fig. 4L ) to obtain local values of the fraction of leaky junctions (Fig. 4M) , which are fed into the pore theory (Fig. 4N) to yield the hydraulic conductivity, diffusive permeability, and solvent-drag reflection coefficient of the leaky junction pathway. The three-pore model (Fig. 4O ) uses these transport properties together with the lumen side pressure at the endothelium to calculate the LDL flux, J s, and, with the help of an electrical analogy, the blood plasma flux, Jv, and its distribution between the normal and leaky junction pathways (Fig. 4P ). Darcy's law and the convectiondiffusion-reaction equation (Fig. 4R) are solved in the artery wall domains (Fig. 4G) with the blood plasma and LDL fluxes (Fig. 4P) and further boundary conditions and material properties (Fig. 4S ) to obtain transmural velocity, pressure, and LDL concentration fields in the artery walls (Fig. 4T) . Fig. 4 , endothelial WSS governs, together with intraluminal pressure, LDL flux into the arterial wall. The characteristic time of endothelial cell response to shear stress in terms of proliferation and death, both phenomena that lead to leaky junction formation, is much longer than that of WSS oscillation [order of hours (12, 27, 47) (45) for left coronary arteries. This is not the case for all blood vessels: SWSS and AWSS can differ considerably in large arteries with fast blood flow such as the aorta (36) . Since most of the experimental data we have used to correlate WSS to cell shape index (12, 33, 47) are based on steady flow experiments, and since the differences between SWSS and AWSS are negligible, we have used SWSS as input to our correlations to obtain fraction of leaky junctions with respect to shear stress given by Eqs. [3] [4] [5] [6] .
RESULTS
As shown in
The blood flow characteristics in the lumen of the artery in its "healthy" state (by regarding the calcified plaque as part of the artery lumen) and its diseased state differ considerably. Past the bifurcation of the LMA into the left circumflex artery (LCX) and the LAD, velocity magnitudes of up to 0.22 m/s are reached in the healthy state as the streamlines in Fig. 5A demonstrate. This velocity is increased to 0.26 m/s in the diseased state due to the decreased cross-sectional area of the LAD caused by the presence of atherosclerotic plaque. How- Fig. 4 . Flowchart of the model as described in detail at the end of the METHODS section. WSS, wall shear stress; N-S, Navier-Stokes; LDL, low-density lipoprotein; NURBS, nonuniform rational B-spline; C-D-R, convection-diffusion-reaction. See text for definition of other acronyms.
ever, the increase in velocity is not sufficient to maintain the healthy state blood flow rate through the LAD. In the healthy state, 65.8% of the blood flows through the LAD and 9.1% through the first diagonal branch, and, in the diseased state, these figures are 56.2 and 7.6%, respectively, showing that the plaque formation in the proximal segment of the LAD reduces the blood supply to the distal segment of the LAD and the first diagonal branch. Considering the SWSS magnitudes at the endothelium in the healthy state in Fig. 5B , we can distinguish a small region of high shear stress at the bifurcation where the LMA branches into the LAD and the LCX, followed by a low shear stress region in the proximal section of the LCX and a low shear stress region in the proximal LAD, coinciding with the location of the plaque in the diseased model. These two low shear stress regions (SWSS Ͻ 0.2 Pa) are a direct result of the characteristics of the flow field at this bifurcation. Consulting again the streamlines in the healthy state in Fig. 5A , we see that the flow through the LMA accelerates over the bifurcation, thereby forming the small region of high shear stress and separating off the wall, generating the two low shear stress regions distal to the bifurcation. In the diseased model, the flow through the LMA accelerates over the plaque, forming a high shear stress region at the proximal end of the plaque. The low shear stress region in the proximal section of the LCX stays approximately at the same location, yet covers a smaller area compared with the healthy state, whereas the second low shear stress region in the proximal LAD shifts downstream of the plaque. The increase in the LCX relative blood flow rate from 25.1% in the healthy state to 36.2% in the diseased state causes the low shear stress region to shrink in size. In Fig. 5A , the streamlines in the diseased state show that the flow over the plaque separates from the wall due to the larger cross-sectional area at the distal part of the plaque, leading to the formation of a recirculation zone that is responsible for the low shear stress region downstream of the plaque. Figure 6 , A and B, juxtaposes the total filtration velocities through the endothelium and the filtration velocities through the leaky junction pathway in the healthy and diseased states, respectively, at the normal intraluminal pressure of 70 mmHg. In the healthy model, we observe increased filtration velocities at the above-mentioned two low shear stress regions. The low shear stresses at these regions lead to an elevated number of leaky junctions, which, in turn, leads to an increased filtration of blood plasma through the leaky junction pathway into the artery wall. The magnitude of the filtration velocity through the leaky junction pathway increases up to 30-fold in the low shear stress regions compared with the region with highest shear stress at the bifurcation where the LMA branches into the LAD and the LCX. In the diseased model, distal to the plaque within the recirculation zone, the filtration velocities are also increased. The magnitudes of the total filtration velocities are in the range of 1.5-2.05 ϫ 10 Ϫ8 m/s in both the healthy and the diseased states, which is in agreement with the literature value of 1.78 ϫ 10 Ϫ8 m/s for the intraluminal pressure of 70 mmHg (39). In Fig. 6C , the wall side LDL concentrations at the endothelium are compared. In the healthy model, we observe two high-LDL concentration regions (normalized LDL concentration Ͼ 0.2) downstream of the bifurcation of LMA into LCX and LAD. These regions correspond to those with high-filtration velocity through the leaky junction pathway. This increase in blood plasma flux through the leaky junctions increases the amount of LDL convected into the arterial wall. Of these two regions, the one in the proximal section of the LCX mostly preserves its location, but diminishes in size in the diseased state compared with the healthy state. In the second region at the proximal section of the LAD, the plaque observed in the diseased state is formed, and the high-LDL concentration region is shifted immediately distal to the plaque. (59), respectively, and slightly higher than the experimental value of 2.55 ϫ 10 Ϫ8 m/s reported by Meyer et al. (39) . The discrepancy with the experimental value is most likely related to the fact that increasing intraluminal pressure compresses the arterial wall and thereby decreases its permeability (22) .
If we assume normalized LDL concentrations higher than 0.2 to be indicative of potential atherosclerotic lesion-prone sites, then Fig. 7B demonstrates that the number of such locations has increased in the hypertensive case compared with the situation with normal intraluminal pressure shown in Fig.  6C . In addition, the original two critical atherosclerotic lesionprone sites are much larger in the hypertensive case.
DISCUSSION
Most of the previous studies on the localization of atherosclerotic plaque formation focused on WSS and its derivatives as an indicator of lesion-prone sites (9, 16, 23, 30, 32, 61) . Two indicators have been pronounced as significant atherogenic factors: low WSS and high-oscillatory shear index (OSI) (23, 30, 61) . In the present study, we have modeled the transport of LDL from the artery lumen into the arterial wall using a shear-dependent, three-pore model to detect high-LDL concentration regions that make the artery vulnerable to atherosclerotic plaque formation. To the best of our knowledge, this is the first time that LDL concentration is used as an indicator for potential sites of plaque formation in a patient-specific 3D model. Our main observations are the following. 1) The locations of high-filtration velocity and high-LDL concentration in the arterial tree coincide with each other and are found to be in low shear stress regions. 2) One of the two high-LDL concentration sites identified in the healthy model corresponds to the location of the atherosclerotic plaque in the diseased model.
3) The high-LDL concentration site in the healthy model corresponding to the plaque location shifted distal to the plaque in the diseased state, supporting the hypothesis that plaques have a tendency to grow in the downstream direction. 4) Hypertension increases the number of regions that are prone to atherosclerotic plaque formation. We will discuss each observation below.
Coincidence of high-filtration velocity with high-LDL concentration. In both the healthy and the diseased models, the locations of high-filtration velocity coincide with those of high-LDL concentration. This is due to the elevated number of leaky junctions in these low shear stress regions. With the increase in the number of leaky junctions, the resistance of the leaky junction pathway to flow decreases considerably. This leads to an increase in the blood plasma flux through the leaky junctions and to a decrease in the plasma flux through the normal junctions. The increased filtration of blood plasma through the leaky junctions leads to an in-creased transport of LDL molecules into the arterial wall. As the convective removal of LDL molecules with the increased total filtration velocity is not sufficient to overcome LDL influx, an accumulation of LDL occurs in these low shear stress regions.
Coincidence of high-LDL concentration with plaque location.
We have observed that one of the two high-LDL concentration sites in the healthy model bred atherosclerotic plaque. The question is why this was not also the case for the second site. First, while it is known that atherosclerotic plaque formation requires prior LDL accumulation (37, 46, 48) , there is no conclusive evidence that LDL accumulation in the artery wall necessarily leads to plaque formation. Primary LDL accumulation is followed by a series of events leading to plaque formation (37): the lipid content of trapped LDL gets oxidized as a result of exposure to the oxidative waste of vascular cells. This gives rise to minimally oxidized LDL species that stimulate the overlying endothelial cells to produce a number of proinflammatory molecules, including adhesion molecules, which modulate the entry of monocytes into the arterial wall. The rapid uptake of highly oxidized LDL by monocytes leads to foam cell formation, and the death of these foam cells results in extracellular lipid that constitutes the lipid content of plaques (see Ref. 37 for a detailed description of these events). Second, the physical and physiological characteristics of the arterial wall may differ spatially in the arterial tree, leading to a change in the Darcy permeability, in the lag coefficient, in the diffusion coefficient of LDL, and in the LDL degradation rate (48) . In our model, these properties pertaining to the arterial wall are taken as constant. For example, a local rise in the LDL degradation rate not accounted for in the model may lead to an overestimation of LDL concentration and, consequently, to an unwarranted classification of the respective arterial wall segment as lesion-prone site. Third, unsteady flow features (e.g., temporal shear stress gradients), as often observed at bifurcations, may affect the formation of leaky junctions and thus also the transport of LDL into the arterial wall. There is experimental evidence that, next to low WSS, which we accounted for, oscillatory shear stress also increases endothelial cell proliferation (10, 27) . Himburg et al. (20) showed that endothelial permeability to albumin increases with low WSS, as well as high OSI, which is a measure of the oscillatory nature of the flow. However, there is currently not enough quantitative data on the effects of oscil- Fig. 7 . The healthy, plaque-free state of the patient's coronary arteries for the hypertensive case with 120-mmHg intraluminal pressure. A: total filtration velocity through the endothelium. B: cw at the endothelium normalized by C0. latory flow on leaky junction formation available that would allow for the inclusion of those effects in our LDL transport model. We, nevertheless, believe that our current approach is reasonable, since low-WSS regions and high-OSI regions are often found to coincide (7, 23, 30, 61) . For example, Huo et al. (23) recently investigated the flow patterns in a porcine epicardial coronary artery tree and found that, especially near bifurcations, high-OSI regions coincide with low-WSS regions, and that these two parameters are related to each other through a power law. We have also calculated OSI, as detailed in the appendix, and plotted the results for the healthy and diseased states in Fig. 8 . As suggested by the previous studies, we have also found that high-OSI regions in both the healthy and diseased states correspond to low-WSS regions.
Another important hemodynamic factor that affects the behavior of endothelial cells is the spatial WSS gradient (WSSG). It has been postulated that high WSSG induces morphological and functional changes in the endothelium that lead to altered permeability to macromolecules (15) . LaMack et al. (31) showed experimentally that the increased permeability to macromolecules in low shear stress regions further increases in the presence of large spatial shear stress gradients. High WSSG can lead to tearing forces at the intercellular attachments, which may result in a widening of already present leaky junctions and the formation of new leaky junctions, leading to an increase of permeability to macromolecules (32) . Figure 9 shows WSS and WSSG contour plots at the bifurcation of LMA to LCX and LAD. It also depicts secondary flow vectors at selected cross sections of these branches. The WSSG contour plot in Fig.  9B shows regions of high WSSG in the low-WSS region at the proximal LAD, which bred a plaque, whereas the WSSG values at the proximal LCX are rather low. The particular WSS and WSSG field at the proximal LAD is produced by the collision of two vortexes, as visualized by the secondary flow vectors depicted in Fig. 9, A and B .
Finally, we observe that the high-LDL concentration site in the proximal LCX shrinks from the healthy to the diseased state. This is due to the plaque formation at the other high-LDL concentration site in the proximal LAD that results in a change of flow characteristics and higher blood flow into the LCX and lower blood flow into the LAD. This higher blood flow into the LCX results in a size reduction of the low shear stress region in the proximal LCX. Therefore, it may be possible that the formation of plaque on a high-LDL concentration spot demotes the formation of plaque on another lesion-prone site through the alteration of flow characteristics.
Shift of high-LDL concentration site. We have observed that the high-LDL concentration site in the healthy model corresponding to the plaque location shifted distal to the plaque in the diseased state. This is in agreement with the finding of Smedby et al. (49) , who, in an angiographic study, observed that atherosclerotic plaques grow significantly more frequently in the downstream direction of stenoses than in the upstream direction. They attributed this observation to the flow disturbances that may develop downstream of a stenosis because of the deceleration and destabilization of the flow. As the plaque grows, it creates a high shear stress region at its proximal end caused by the impingent blood flow that accelerates over it, and a low shear stress region at its distal end caused by the separation of the flow from the artery wall. These WSS conditions lead to a high-LDL concentration region distal to the plaque that promotes plaque growth in the downstream direction.
Effects of hypertension. The increase of intraluminal pressure from 70 to 120 mmHg resulted in an increase of total filtration velocity and, consequently, in an increase of convective flux of LDL through the endothelium. This, in turn, increased the number of regions with normalized LDL concentration higher than the here-assumed critical value of 0.2, elucidating one of the ways in which hypertension may promote atherosclerosis. Meyer et al. (39) suggested that LDL uptake by the arterial wall at elevated intramural pressures is influenced by both pressure-induced arterial wall distension and pressure-driven convection. The former has a stretching effect on the endothelial cells, which leads to an increased number of cell deaths and mitoses that result in an elevated number of leaky junctions (58) , and the latter is a consequence of the increased filtration velocity due to elevated pressure. Our model reflects the effect of pressuredriven convection, but does not account for pressure-induced distension at this stage, because sufficient quantitative data on its effect on intercellular attachments and formation of leaky junctions is not available.
Limitations of the model. A major assumption in this study is that the geometry of the artery lumen before the development of atherosclerotic plaque can be reconstructed by segmenting the plaque in the CT images of the diseased artery as part of the lumen. This assumption holds when there is negligible arterial remodeling. In arteries with severe positive or negative remodeling (outward expansion or shrinkage of the vessel wall), this assumption may result in an over-or underestimation, respectively, of the healthy state lumen volume. In a patient study, Achenbach et al. (1) found that stenotic coronary artery lesions caused negligible remodeling, whereas nonstenotic lesions led to positive remodeling of the artery. Therefore, using the said assumption for stenotic lesions, such as the one present in the current patient, which led to a 60% luminal stenosis, is acceptable, especially when considering that it is difficult to perform a patient study requiring CT scans of healthy subjects who subsequently develop coronary artery disease. However, a follow-up study on animals fed with a high-fat diet similar to the one recently published by Chatzizisis et al. (9) would be of interest to validate this assumption. Also, the results reported here are based on a single patient and should be seen as a proof of concept. A thorough patient study is required to extrapolate the results and make general statements about atherosclerotic plaque formation.
The boundary conditions used in the computations are another limitation of this study. The employed inlet mass flow waveform is generic rather than patient-specific, and the prescribed constant pressures at the ends of the artery branches are independent of the downstream flow conditions. We expect both to influence the reported results in a quantitative manner, but not qualitatively. While patientspecific inlet waveforms could principally be obtained using magnetic resonance imaging (25) , noninvasive in vivo pressure measurements in the coronary arteries are currently not possible. A further simplification that may influence the results is that the arterial wall is assumed to be rigid. Zhao et al. (62) and Zeng et al. (60) showed for the carotid and right coronary arteries, respectively, that this assumption is acceptable, as the wall compliance does not influence considerably the general characteristics of flow and WSS.
Most parameters used in this study are adopted from our previous work, where we proposed the three-pore model (43) , and from the references therein. The most critical parameter, the Darcy permeability of the arterial wall, was fixed in that study to have an 18-mmHg pressure drop across the endothelium, which is the experimentally estimated value from Tedgui and Lever (54) for 70-mmHg intraluminal pressure, corresponding to a filtration velocity of 1.78 ϫ 10 Ϫ8 m/s, which is the experimental value from Meyer et al. (39) at the same intraluminal pressure. In this study, using the same Darcy permeability (1.2 ϫ 10 Ϫ18 m/s) and the same intraluminal pressure (70 mmHg), we observed a pressure drop range of 4 -28 mmHg across the endothelium in the arterial tree corresponding to a filtration velocity range of 1.5-2.05 ϫ 10 Ϫ8 m/s. We performed a sensitivity analysis for the Darcy permeability of the arterial wall and changed it by Ϯ50%. With an increase in permeability, the resistance of the arterial wall decreases, which leads to higher filtration velocities and higher pressure drops across the endothelium. A 50% increase in Darcy permeability results in a 15% increase in maximum pressure drop across the endothelium, a 35% increase in maximum filtration velocity, and a 34% increase in the maximum wall side LDL concentration at the endothelium. However, there is no change in the qualitative characteristics of the results associated with these increased values. With a decrease in permeability, the resistance of the wall increases, which leads to lower filtration velocities and lower pressure drops across the endothelium. In the case of 50% decrease in the Darcy permeability, the resulting decrease in filtration velocity led at certain locations to wall side pressures at the endothelium that were larger than the lumen side pressure. As this pressure reversal is unrealistic, we conclude that a 50% decrease of our nominal Darcy permeability is not reasonable. This is supported by the fact that the decreased value of Darcy permeability (0.6 ϫ 10 Ϫ18 m/s) falls out of the range of literature values of 1.0 -2.0 ϫ 10 Ϫ18 m/s (21, 44, 50, 53) . The value used for the Darcy permeability in this study (1.2 ϫ 10 Ϫ18 m/s) is in the lower range of these literature values.
Conclusions. We have presented a 3D, patient-specific model of LDL transport from blood into the arterial wall. The novelty of this work lies in the representation of the arterial endothelium as a three-pore model with shear stress-dependent transport properties coupled to a patient-specific reconstruction of the luminal blood flow field. This approach, as opposed to prior single-pathway models with constant transport properties, allows for a patient-specific localization of arterial wall regions with high-LDL concentration. The model at hand also quantifies the levels of LDL concentration in the arterial wall for various intraluminal pressures. Application of the model to the healthy and the diseased states of the arteries confirms the relationship between high-LDL concentration sites and actual plaque locations, supporting our initial hypothesis that the potential sites of plaque formation may be predicted through patient-specific, shear-dependent simulations of LDL accumulation.
APPENDIX
Grid independence studies. Four sets of nonuniform unstructured grids, respectively consisting of ϳ376,000, 686,000, 976,000, and 1,382,000 tetrahedral and prismatic volumes, were built and evaluated to solve the Navier-Stokes and continuity equations in the artery lumen. Comparisons were made between the converged results of each subsequent grid, especially in the bifurcation region, where the LMA branches into the LCX and the LAD, since the flow characteristics are more difficult to resolve in this region compared with the others. Figure 10A shows the discrepancy in SWSS magnitude in the solutions obtained with these four grids in a cross-sectional cut of the artery, where the normalized circumferential distance is plotted along the x-axis. The relative error between the subsequent grids is defined as e ϭ ͯ ε finer ͑x͒ Ϫ ε coarser ͑x͒ ε finer ͑x͒ ͯ ,
where e is the relative error, ε is the particular result being compared, x is the spatial location, "finer" refers to grid with a larger number of volume elements, and "coarser" to the one with the smaller number. The grid with 976,000 elements was sufficient to resolve all flow features and to accurately calculate local WSS within a relative error margin of 2.5% compared with the finest grid. Three sets of nonuniform unstructured grids, respectively consisting of ϳ468,190, 936,380 and 1,404,570 prismatic elements, were evaluated to carry out the CFD calculations in the arterial wall. Comparisons between the converged solutions of each subsequent grid were again made at the same cross section that was also used above in the WSS magnitude comparison. Figure 10B shows the discrepancy in the normalized wall side LDL concentration at the endothelium, where the normalized circumferential distance is plotted along the x-axis. The grid with 936,380 elements was sufficient to resolve the filtration flow and accurately calculate the LDL concentration within a relative error margin of 1.0% compared with the finest grid.
Calculation of AWSS, OSI, and WSSG. The AWSS is calculated as
where ͉ជ w ͉ is the magnitude of the instantaneous WSS vector ជ w and T is the duration of a pulsatile cycle.
The OSI is calculated as 
